Abstract. MicroRNAs (miRNAs) are~22 nucleotide long, noncoding, endogenous RNA molecules which exert their functions by base pairing with messenger RNAs (mRNAs), thereby regulate proteincoding gene expression. In eukaryotic cells, miRNAs play important roles in regulating biological processes such as proliferation, differentiation, apoptosis, and stem cell self-renewal. The human genome may contain as many as 1,000 miRNAs, and more than 700 of them have been identified. miRNAs are predicted to target up to one third of mRNAs. Each miRNA can target hundreds of transcripts directly or indirectly, while more than one miRNA can converge on a single transcript target. Therefore, the potential regulatory circuitry afforded by miRNA is enormous. Recently, mounting evidence implicates miRNAs as a new class of modulator for human tumor initiation and progression. Therefore, it has been proposed that manipulating miRNA activity and miRNA biogenesis may be a novel avenue for developing efficient therapies against cancer.
INTRODUCTION
Twenty years ago, most people believed that the only functional product from any given gene is protein, and noncoding sequences in the genome were nothing but redundancy generated during evolution. This view was shattered by the discovery of lin-4, a gene that controls the timing of Caenorhabditis elegans larval development by repressing LIN-14 protein expression (1, 2) . Lin-4 gene does not encode any protein; instead, it produces a pair of small RNAs, later known as microRNA (miRNA). It was then found that the small lin-4 RNAs suppressed lin-14 translation by binding to the complementary sites in the lin-14 3′ untranslated region (UTR) (1, 2) . The repression of Lin-14 translation by lin-4 represents the first example of gene expression regulation mediated by miRNAs.
Since the discovery of lin-4, miRNAs have been identified in many organisms including plants, zebrafish, worms, flies, mice, and human. To date, 706 Homo sapiens, 547 Mus musculus, 152 Drosophila melanogaster, 155 C. elegans, 184 Xenopus tropicalis, and 336 Danio rerio miRNAs are reported in mirBase (http://microrna.sanger.ac.uk) (3) . About 3% of human genes encode for miRNAs, and up to 30% of human protein-coding genes may be regulated by miRNAs (4) . Most miRNA genes are transcribed by RNA polymerase II, generating primary transcripts with local hairpin structures and flanking sequences. Subsequently, two RNase III ribonucleases, Drosha and Dicer, trim off the flanking sequence to produce a~22-bp duplex, which in turn unwind and incorporate into the RNA-induced silencing protein complex (RISC) (5, 6) . Mature miRNAs guide RISC complex to target mRNAs by complementary base pairing with miRNA binding sites within the target transcripts and exert their regulatory effects by either messenger silencing or translation inhibition (7) . Numerous efforts have been invested to elucidate the biological importance of miRNAs. Recently discovered functions range from control of timing of development, neuronal patterning, and hematopoietic lineage differentiation to modulation of metabolism. Computational approaches for identifying miRNA targets indicate that the aforementioned examples may only represent a small fraction of all the biological processes miRNAs involve. Intriguingly, studies on miRNA expression in samples from various types of cancer demonstrate that tumor cells often have a distinctive pattern of miRNA expression (8, 9) . In many cases, miRNA expression can serve as prognostic markers. Accordingly, many functionally validated miRNA targets are oncogenes and tumor suppressors. Consistent with these observations, gain or loss of function of individual miRNA has been reported to affect tumor cell proliferation, apoptosis, and invasion (8) (9) (10) . Taken together, these evidences strongly suggest that miRNAs represent an important class of regulators for tumorigenesis as well as a new class of therapeutic targets for curing cancer.
BIOGENESIS OF MIRNA
The majorities of miRNA genes exist in clusters in genome and are expressed polycistronically from their own promoter; while some other miRNA genes are found in intronic regions and as a result, are transcribed as part of the annotated genes. The transcriptions of miRNA genes are typically performed by RNA polymerase II (Pol II), generating primary miRNA transcripts (pri-miRNAs) that are capped, polyadenylated, and often contain introns. In some cases, Pol II-transcribed miRNAs can also be derived from intronic sequence of a protein-coding transcript following RNA splicing process. As a result of being transcribed by Pol II, miRNA gene expression can be elaborately regulated in specific conditions and cell types by various Pol II-associated transcription factors (5, 6) . In addition, RNA polymerase III has also been reported to transcribe miRNAs with upstream Alu, transfer RNA-or mammalian-wide interspersed repeat (MWIR)-based promoter elements (11) .
The pri-miRNAs typically contain imperfect duplex structure of 33 base pairs, a terminal loop, and flanking sequences. Two steps of ribonuclease processing reactions are generally required to trim a pri-miRNA transcript into mature miRNA. The first processing event occurs in the nucleus and involves in releasing a~70 nt hairpin structure (pre-miRNA) from the RNA duplex in the pri-miRNA transcript by nuclear RNase III-type protein, Drosha (12) . Pri-miRNA processing is a cotranscriptional event as Drosha is often found to localize to the transcription sites, and primiRNAs are most abundant in chromatin-associated nuclear fractions (13) . Many studies suggested that Drosha-mediated pri-miRNA cleavage is extensively regulated; however, the exact biochemical mechanism of Drosha regulation is unknown. Drosha-mediated pri-miRNA processing requires a cofactor, called the DiGeorge syndrome critical region gene 8 (DGCR8) protein, a double-stranded RNA-binding protein which interacts with pri-miRNAs and assists Drosha to cleave the substrate~11 bp away from the single-stranded/doublestranded RNA junction of pri-miRNA transcript. The importance of DGCR8 in miRNA biogenesis is manifested by the finding that Dgcr8-deficient mouse embryonic stem (ES) cells fail to produce miRNAs and have proliferation and differentiation defects (5, 6) . Once cleaved by Drosha, pre-miRNAs are exported to the cytoplasm via exportin 5 which transports pre-miRNA by hydrolyzing of GTP from Ran proteins in the cytoplasm (5, 6) . miRNA maturation process in cytoplasm is carried out by Dicer, a highly conserved RNase III type endoribonuclease, present in almost all eukaryotic organisms. Dicer cleaves the pre-miRNA at~22 nt from the pre-existing terminus generated by Drosha and releases~22 nt miRNA duplexes with 2-nucleotide 3′ overhang, similar to small interfering RNAs (siRNAs). The mature miRNA duplex is short-lived. While one strand (the guide strand or miRNA) is associated with Argonaute proteins, the other strand (the passenger strand, miRNA*) is degraded (5, 6) . Dicer-associated proteins have been identified. However, current studies suggest that they are not required for miRNA processing but more likely to contribute to the formation of the RISC (7). The expression of many miRNA genes can be regulated by their own targets. For example, Drosophila mir-7 transcription can be repressed by Yan, an ETS domain transcription factor and mir-7 target (14) . Let-7 transcription in C. elegans is inhibited by Lin 28 protein, which is a Let-7 target (15). These observations suggest the presence of a double-negative feedback loop during miRNA biogenesis. Such a regulatory mechanism can prevent adverse consequence from overexpression of miRNAs and underlines the importance of tight control of miRNA homeostasis.
MECHANISM OF SILENCING
Mature miRNAs directly bind to Argonaute proteins which are the central components of the RISCs. Argonaute proteins are composed of four domains: the PAZ domain, which can bind the guide strand at 3′ terminus; the PIWI domain, which harbors RNase H like activity and can catalyze the initial cleavage of a miRNA base-paired target, eventually leading to messenger degradation; MID-domain, which is responsible for binding the 5′ end of the guide strand, and the N-domain (6) . The miRNA guides RISC to specifically recognize and repress target mRNAs. The specificity in choosing target transcripts is mainly decided by sequence complementarity between mRNA target sites and the nucleotide sequence from position 2 to 8 at the 5′ end of miRNAs (the seed). Although base pairing to the 3′ end of miRNA is thought to be less important in target recognition, it may contribute in target selection especially when sites have weaker miRNA seed matches. In most cases, miRNA binding sites are located in 3′ UTRs of target transcripts and often present in multiple copies (7) . However, recent studies suggest that miRNA can repression target gene expression with miRNA binding site located in 5′ UTRs as well as within the coding region (16) . Binding of a miRNA to the target mRNA typically leads to either translational repression or exonucleolytic mRNA decay. The degree of miRNA-mRNA complementarity is critical in deciding the types of regulatory mechanism. Perfect complementarity, which is rare in animal miRNA:mRNA base pairing, allows Ago-catalyzed cleavage of the mRNA strand; whereas central mismatches exclude cleavage and promote repression of mRNA translation. The mechanism by which miRISC regulates translation is a matter of controversy. Two models have emerged based available data. While one model proposes that miRNA-mediated repression occurs at translation initiation, the second model proposes postinitiational repression by miRISC. Moreover, recent studies suggested miRISC may repress elongation as well. The inconsistencies among different reports indicate that miRNA-mediated repression may be exerted at multiple stages depending on the various experimental systems used in different studies (7) .
FUNCTIONS OF MIRNAS
Computational analysis has been developed to predict miRNA targets based primarily on conserved seed pairing, local sequence, and structural features. Results from such studies suggest that, in mammals, individual miRNAs can have more than 100 targets, and at least 20-30% of animal transcripts bear one or more conserved miRNA binding sites in their 3′ UTR (4, 17) . The predicted regulatory targets of mammalian miRNAs were enriched for genes involved in transcriptional regulation but also encompassed an unexpectedly broad range of other functions (18) . miRNAs involvement in development was manifested by the functions of the very first two miRNA discovered, lin-4 and let-7, both of which control the timing of larva development in C. elegans. Further studies on worms, flies, fish, and Xenopus with defect in miRNA biogenesis pathway provided more evidence on the importance of miRNAs in neuronal, muscle, and germline development. In C. elegans, dcr-1 mutants display defects in germline development and embryonic morphogenesis; in Drosophila, dcr-1 mutant germline stem cell clones divide slowly; in zebrafish, lacking both maternal and zygotic Dicer resulted in embryogenesis defect (19) . These discoveries underline the importance of normal miRNA homeostasis on proper development. Individual miRNAs have also been found to function in specific tissues, at specific times during development, and other specific processes. Covering this vast body of work is beyond the scope of this review; the cited reviews provide valuable insight (reviewed by (20, 21) ).
Studies on mice bearing deletions of genes in miRNA biogenesis pathway provided early evidence on importance of miRNAs on stem cell regulation. Dicer deficiency causes early embryonic deficiency due to devoid of stem cells. Loss of Dgcr8, the cofactor of Drosha, resulted in embryonic lethality and differentiation deficiency in ES cells; and loss of Argonaute proteins resulted in lethality during early embryonic stages. Consistent with the overall function of miRNA in stem cell function, ES cells have distinct miRNA signatures. For example, mir-290~295 cluster and mir-296 levels decrease during stem cell differentiation, while mir-21 and mir-22 increase in this process. And functional analysis indicated that individual miRNA may have specific roles in controlling stem cell differentiation and renewal. miRNA functions in somatic tissue stem cells include regulating multiple steps of hematopoiesis, modulating myogenesis, and cardiogenesis, identifying cell fate during neural development as well as preventing osteogenic differentiation and skin differentiation (reviewed by (22) ). In addition, let-7 is found to regulate multiple stem cell-like properties in breast tumor-initiating cells (BT-IC) by silencing H-RAS and HMGA2, suggesting that miRNAs are also involved in modulating cancer stem cells (23) .
miRNA control has emerged as a critical regulatory principle in the mammalian immune system. Genetic ablation of the miRNA machinery, as well as loss or deregulation of certain individual miRNAs, severely compromises immune development and response and can lead to immune disorders like autoimmunity and cancer (reviewed by (24)).
It is known for many years that some clinically important viruses encode abundant amounts of noncoding RNAs (ncRNAs) during infection. Although the understanding is still in its infancy, several recent reports have identified new functions for viral miRNAs and larger ncRNAs (25) . There are over 120 known viral miRNAs, mostly from the large DNA genome herpesvirus family and additional few from the small DNA genome tumor viruses (http://microrna.sanger.ac. uk) (3). Human cytomegalovirus (HCMV) encodes a miRNA, miR-UL112, to evade host innate immune responses. Cells infected with HCMV with mutant miR-UL112 are more susceptible to killing by cocultured NK cells (26) . Kaposi's sarcoma-associated herpesvirus miR-k12-11 and host mir-155 regulate a common set of mRNA targets (27) , and both miRNAs share an identical seed sequence (28) . Simian virus 40 expresses a precursor miRNA (premiRNA) late in infection, which matures into two miRNAs that bind to the transcripts encoding immunogenic early genes, thereby inducing their cleavage to evade the adaptive immune response in vivo (29) . Other viruses like HCMV and Epstein-Barr virus encode miRNAs that downregulate expressions of viral genes that are involved in signaling and replication (30, 31) . Thus, it is possible that viral miRNAs evade the host innate immune response, regulate host gene expression, and contribute to viral-mediated tumorigenesis. These studies not only advanced our understanding on hostviral interactions, but also provide key insights into the diversity, regulation, and evolution of miRNA pathways.
MIRNA EXPRESSION IS DEREGULATED IN HUMAN CANCER
Since miRNA functions are involved in regulating crucial biological processes, such as development, differentiation, apoptosis, and proliferation, it has long been suspected that miRNA expression can be deregulated in cancer, and abnormal miRNA activity may lead to tumorigenesis. Altered miRNA expression in cancer was first documented in chronic lymphocytic leukemia (CLL). For years, it is known that deletion at locus 13q14 occurs in more than 65% of CLL cases and in 50% mantle cell lymphomas, 16-40% of multiple myelomas, and 60% of prostate cancers (32); however, search for a tumor suppressor within this region failed despite numerous attempts. In 2002, Calin et al. identified two miR genes, mir-15a and mir-16-1, within 13q14 locus, and demonstrated that both miRNAs are deleted or downregulated in the majority of CLL cases (32) . Later, Cimmino et al. showed that mir-15a and mir-16-1 can target BCL2, suggesting a possible molecular mechanism by which losing mir-15a and mir-16-1 can cause CLL (33) . Since the report of miRNA alteration in CLL, many efforts have been invested into characterizing the expression profile of miRNA in different tumors. To date, high-throughput miRNA expression profile analysis has been conducted in various human cancers, including CLL, breast cancer, glioblastoma, thyroid papillary carcinoma, hepatocellular carcinoma, lung cancer, colon cancer, and pancreatic cancer (8, 10) . While the most commonly used technique is oligonucleotide miRNA microarray, other methods, such as bead-based flow cytometry technique, quantitative real-time polymerase chain reaction genomewide miRNA analysis with serial analysis of gene expression, and high-throughput array-based Klenow enzyme assay, have also been applied for the assessment of cancer-specific miRNA expression levels (8) . Due to space limitation, we will not discuss specific deregulation in each cancer. Instead, we will summarize some common characteristics of miRNA deregulation in different tumors. First of all, in every type of tumor analyzed, miRNA profiles of tumor cells are significantly different from normal cells from the same tissue (34, 35) , underlining the biological significance of miRNA function during the cancer progression. Moreover, miRNA expression profiles in tumors from similar developmental origins appear to have similar alterations, providing a tool for cancer diagnosis and prognosis (36) (37) (38) . On the other hand, a 21 miRNA signature was identified to be differentially expressed in tumor types that are from different embryological origins (35) , suggesting that these miRNAs may participate in fundamental signaling pathways altered in many types of malignancies.
Aberrant miRNA expression in cancer can be the result of at least four different mechanisms, including chromosomal abnormalities, genomic mutations and polymorphism, epigenetic changes, and alterations in miRNA biogenesis. Almost 50% of annotated human miRNAs are located in fragile sites (39) . Consistent with this observation, high frequency of genomic alterations in miRNA loci was revealed in human melanomas, ovarian, and breast cancer using high-resolution array-based genomic hybridization (40, 41) . Chromosomal alterations in tumor samples can result in altered miRNA expression, which in turn could participate to the process of tumorigenesis. Mutations and polymorphisms in miRNA transcripts can also affect miRNA expression by altering miRNA processing or sequence complementarity. For example, mutations in the pri-miRNA of mir-15a and mir-16-1 that cause lower expression of corresponding miRNAs have been reported in breast cancer and CLL patients as well as in a mouse model of CLL (36, 42) . On the other hand, singlenucleotide polymorphisms within miRNA binding site of target mRNA have been also been reported, suggesting an alternative mean to modulate miRNA function by disrupting the base pairing complementarity between miRNA and target mRNAs (reviewed by (43)). Epigenetic modification can also affect miRNA expression. Several studies on breast and bladder cancer cells have demonstrated that inhibiting histone deacetylase (HDAC) activity has significant impact on miRNA expression (41, 44, 45) . However, the effect of HDAC inhibitors seems to be tissue-specific as similar treatment on nonsmall cell lung cancer cell has little effect on miRNA expression (37) . Lastly, the miRNA biogenesis activity in tumor samples can be different from normal tissue. Downregulation of Dicer and Drosha expressions has been observed in various types of cancer (46, 47) . Deletion of Ago locus in human chromosome 1 are often associated with Wilms tumors of kidney and neuroectodermal tumors (48) .
Another potential regulatory mechanism for miRNA processing and activity is by adenosine-to-inosine (A-to-I) RNA editing, a modification process converting adenosine residue to inosine, therefore changing an A-U base pair into an I-G base pair. The enzymes catalyzing A-to-I editing, ADAR1 and ADAR2, specifically recognize imperfect RNA duplex structures, the main feature of pre-miRNA transcripts. Therefore, it has recently been proposed that miRNA precursors can be RNA-editing substrates. Indeed, several studies have identified A-to-I RNA-editing events in primiRNAs (49) . While, in some cases, RNA editing suppresses the processing of pri-to pre-miRNA by Drosha; it can also redirect the miRNA-targeting specificity (50) . The activity of ADARs is critical for embryonic development and is tightly regulated under normal circumstances (51) (52) (53) . Intriguingly, many types of tumors were found to have altered level of RNA editing as well as ADAR expressions (54) . Therefore, further investigations are needed to explore the impact of RNA editing on miRNA functions and the exact role of miRNA editing in tumor development and progression.
MIRNAS AS ONCOGENES AND TUMOR SUPPRESSORS
Given miRNAs' roles in regulating cell proliferation, differentiation, and apoptosis, and the fact that tumor cells have distinct miRNA expression profiles, it has been proposed that some miRNAs may be functionally involved in tumor initiation and progression. These miRNAs that possess oncogenic or tumor-suppressive activities are termed as "oncomir" (9) . A more complete list of miRNA functions in cancer can be found in a comprehensive summary recently published by Spizzo et al. (10) . So far, expression profiling studies have implicated many miRNAs in the process of tumor development. The search for relevant targets of these miRNAs suggests that some may promote tumor cell growth by inhibiting tumor suppressor genes or genes that control cell cycle progression, differentiation, or apoptosis; while others can induce metastasis by targeting genes involved in epithelial-mesenchymal transition process and cell invasion. Although many oncogenic miRNAs can enhance the malignant phenotype of cancer cells, only one study showed the sufficiency of a single miRNA to promote de novo transformation. It may be consistent with the model in which miRNAs tune, rather than silence, expression of target genes.
So far, miR-155 represents the only example that a single miRNA is sufficient to induce tumorigenesis. Transgenic mice with mir-155 overexpression exhibit a preleukemic pre-B cell proliferation which progresses to B cell leukemia and highgrade lymphoma. miRNA expression profiling study between malignant B cells from transgenic mice and normal B cells from nontransgenic animals identified several genes, including AGTR1, AID, IKBKE, and TB53INP1, as potential targets of mir-155 (55). Consistent with its oncogenic activity, high expression of mir-155 has been reported in several types of cancer and was found to indicate poor prognosis in lung cancer, diffuse large B cell lymphoma, and aggressive CLL (56) . Another example of oncomir, mir-17~92, is a cluster of miRNAs whose genomic locus is often amplified in tumors (57) . The oncogenic activity of mir-17~92 cluster was revealed in the Eu-Myc transgenic mouse model of B cell lymphoma. Expressing this miRNA cluster significantly accelerated lymphomagenesis and decreased Myc-induced apoptosis (57) . As mir-17~92 cluster targets multiple genes that are involved in apoptosis pathway, it is speculated that the combination of suppressing many target mRNAs is responsible for the antiapoptotic effect (57, 58) . Additional examples of oncogenic miRNAs include mir-21, which promotes both proliferation and metastasis and is overexpressed in glioblastoma, cholangiocarcinoma, pancreatic, breast as well as hepatocellular cancer (59, 60) ; and mir-372 and mir-373 that can neutralize p53-mediated CDK inhibition and cooperate with Ras in cellular transformation (61) .
In contrast to oncogenic miRNAs, miRNAs whose expression is decreased in malignant cells may function as tumor suppressor by negatively inhibiting oncogenes and/or genes that inhibit cell differentiation or apoptosis. miRNAs functioning as tumor suppressor genes include the let-7 (62), who negatively regulates Ras and HMGA2; mir-15a and mir-16-1 (32), which negatively regulate BCL2; as well as the mir-34 (63) , that is induced by DNA damage and oncogenic stress in a p53-dependent manner which leads to apoptosis or cellular senescence. The role of let-7 in cancer was first demonstrated by the Slack group when they found that the let-7 family negatively regulates let-60/RAS in C. elegans by binding to the multiple let-7 complementary sites in let-60/ RAS 3′ UTR (62) . Moreover, let-7 expression is found lower in lung tumors than in normal lung tissue, whereas RAS protein is significantly higher in lung tumor. Therefore, it was proposed that let-7 acts as a tumor suppressor. Supporting this hypothesis, forced expression of let-7 family members is able to suppress cancer cell growth both in vitro (64, 65) and in vivo (64, 66) . In addition, reduced expression of let-7 has been associated with shortened postoperative survival in various types of cancer (67) (68) (69) (70) . Let-7 probably performs those functions by targeting various genes, including oncogenic proteins, cell cycle-associated proteins, oncofetal genes, and Toll-like receptor-4 (62, (69) (70) (71) (72) . Given the multiplexity in miRNA targeting strategy, the potential regulatory circuitry in cancer afforded by let-7 might be enormous.
MIRNAS AND CANCER STEM CELLS
Recent research in cancer has provided strong support for the cancer stem cell hypothesis which proposes that a rare subpopulation of tumor cells have the unique ability to initiate and perpetuate tumor growth. These cells are called cancer stem cells or tumor-initiating cells which share various characteristics with embryonic and somatic stem cells including self-renewal and multipotent differentiation. Cancer stem cells may be highly resistant to radiation and chemotherapy; therefore, the development of more effective therapies for cancer requires effective targeting of this cell population (73) . Accumulating evidence indicates that miRNAs play functional roles in normal and cancer stem cell maintenance and differentiation. First, embryonic stem cells with mutation of the key proteins in miRNA biogenesis pathway fail to maintain the self-renewal and differentiation capacities. Second, both embryonic and somatic stem cells exhibit distinct miRNA expression signatures comparing to differentiated cells. Third, certain miRNAs such as let-7 have been found to play critical roles in regulation of self-renewal and/or differentiation in both normal and cancer stem cells (reviewed by (22) ).
Let-7 is one of the examples that miRNAs play a functional role in normal and cancer stem cell differentiation. In the C. elegans, let-7 times the differentiation of seam cells, the stem cells that divide asymmetrically during each larval stage, possibly by acting as a regulator of multiple genes required for cell cycle and proliferation (69, 70) . Second, in mammalian embryonic and somatic stem cells, let-7 interacts with two induced pluripotent stem cell genes, MYC and LIN28; and these autoregulatory loops, i.e., MYC-let-7 and LIN28-let-7, may control stem cell self-renewal and differentiation (70) . Third, Nishino et al. show that during aging, elevated let-7b blocks HMGA2 and contributes to declining neural stem cell function; in contrast, HMGA2 maintains neural stem cell function in young mice through repression of the Ink4a/Arf locus (74) . Forth, Ibarra et al. found that let-7 is depleted in a population of self-renewing mammary epithelial progenitor cells that can reconstitute the mammary gland; and enforced let-7 expression induces loss of these selfrenewing cells from mixed cultures, suggesting its role in the regulation of progenitor maintenance (75) . Fifth, by comparing miRNA expression in self-renewing and differentiated breast tumor cells, Yu et al. found that the let-7 was markedly reduced in breast cancer stem cells and increased with differentiation. It is also shown that the let-7 regulates multiple cancer stem cell properties and tumorigenicity of breast cancer cells by silencing multiple targets, including H-RAS and HMGA2 (23) . Since miRNAs seem to be involved in controlling renewal and differentiation of cancer stem cells, targeting miRNA may be a novel strategy to treat cancer by modulating cancer stem cells.
TARGETING ONCOGENIC MIRNAS
Many studies reviewed above have indicated that miRNAs can serve as novel therapeutic targets for cancer. For miRNAs with oncogenic capabilities, potential therapies include anti-miRNA oligonucleotides, microRNA sponges, miRNA masking, and small molecule inhibitor. For tumorsuppressor miRNAs, restoring suppressor miRNAs by forced expression of those miRNAs may be a useful strategy. In several tumor types with global decreasing miRNA biogenesis, approach to enhance miRNA biogenesis processing is discussed (Fig. 1) .
Anti-miRNA Oligonucleotides
The binding of miRNAs to their binding targets are simply and elegantly governed by the rules of Watson-Crick base pairing. Therefore, an obvious inhibitory molecule of miRNA is anti-miRNA oligonucleotides (AMOs) which blocks the interactions between miRNA and its target mRNAs by competition (76) . AMOs are chemically modified in a variety of ways to improve the stability. One example is locked nucleic acid (LNA), often referred to as inaccessible RNAs, which is bicyclic high-affinity RNA analogs where the ribose moiety is chemically locked in a RNA-mimicking N-type (C3′-endo) conformation by the introduction of an extra 2′-O, 4′-C methylene bridge (77) . The locked ribose conformation enhances base stacking and backbone preorganization and significantly increases the thermal stability upon hybridization with complementary single-stranded RNA target molecules. In addition, LNA is compatible with RNase H cleavage and display high aqueous solubility, low toxicity in vivo (77) . Other oligonucleotide analogs, such as 2′-O-methyl- (78) , and 2′-O-methoxyethyl-modified (2′-MOE) oligonucleotides (79) have also been proven to be efficient in functional inhibition of miRNAs. Besides chemical modifications, some improvement in inhibitor potency was observed by increasing the length of the AMOs (80) . Optimized secondary structural elements that flanked the antisense core were highly potent and specifically block RISC activity in vitro for extended periods of time, thus suggesting structures surrounding or adjacent to the antisense core sequence are major determinants of inhibitor potency (80) . In summary, a potent AMO may need a combination of optimization of sequences, structures, and/or chemical modifications.
Studies targeting mir-21 represent one of the first examples of inhibiting cancer development by downregulating oncogenic miRNA expression. mir-21 is overexpressed in many different cancer types and has been suggested to play a critical role in cell proliferation by downregulating the tumor suppressor genes Tpm1 and PTEN (60) . Using a xenograft carcinoma model, Si et al. injected MCF-7 cells transiently transfected with 2-O-methyl oligonucleotides complementary to mir-21 and found that tumors derived from MCF-7 cells transfected with anti-mir-21 were 50% smaller in size than control MCF-7 tumor (81). In glioblastoma cell lines, knockdown mir-21 in vitro resulted in increased apoptosis (59) . Complete eradication of mir-21 was observed in LNA-antimir-21-treated gliomas with the presence of neural precursor cells expressing a secretable variant of tumor necrosis factor-related apoptosis inducing ligand (S-TRAIL) in the murine brain (82) . These studies suggest that AMOs may be promising reagents in treating cancer by suppressing oncogenic miRNAs.
MicroRNA Sponges
A microRNA sponge is defined as a synthetic mRNA containing multiple binding sites for an endogenous miRNA, therefore preventing the interaction between miRNA and its endogenous targets. Ebert et al. engineered such molecules by inserting a bulge between the microRNA binding sites at the position normally cleaved by Argonaute 2, therefore enabling stable association of microRNA sponges with microribonucleoprotein complexes loaded with the corresponding micro-RNA. In addition, they specifically designed sponges with complementary heptameric seed, so that a single sponge can be used to effectively repress an entire miRNA seed family (83) . In in vitro experiments, these "sponges" derepressed miRNA targets as strongly as chemically modified AMOs (83) . However, the efficacy of these stably expressed sponges in applications in vivo need to be evaluated.
miRNA Masking
Each miRNA may regulate hundreds of genes, and each gene can be regulated by multiple miRNAs. Similar to endogenous miRNA, the action of AMOs is sequence-specific but not gene-specific. Thus, AMOs may elicit off-target side effects and unwanted toxicity. Xiao et al. designed alternative strategy called "miR-Mask" which refers a sequence with perfect complementarity to the binding site for an endogenous miRNA in the target gene, which can form duplex with the target mRNA with higher affinity, therefore blocking the access of endogenous miRNA to its binding site without the potential side effects of mRNA degradation by AMOs (84) . miR-Masks complementary to cardiac pacemaker channelencoding genes HCN2 and HCN4 prevented the repressive actions of mir-1 and mir-133 on protein expression of these genes and cause acceleration of heart rate in rat model. This gene-specific, miRNA-interfering strategy was also validated in a study of zebrafish mir-430 in regulating TGF-β nodal agonist squint and antagonist lefty. The masking morpholinos complementary to mir-430 binding sites in target mRNAs elicited disruption of the specific mir-430-mRNA binding and resulted in enhancing or reducing the nodal signaling pathway, respectively (85) . One should note that the efficacy of the miR-Mask strategy partially depends on the target gene selection, in applications such as cancer therapy, choosing key tumor suppressive, or oncogenic genes that is critical.
Small Molecule Inhibitor
Small molecule inhibitors against specific miRNAs have also been investigated. Gumireddy et al. identified azobenzene as a specific and efficient inhibitor of biogenesis of mir-21 from a screening. Such specific inhibitors of the miRNA pathway provide not only unique tools for the investigation of miRNA function, but also promising reagents to boost patient response to existing chemotherapies or stand-alone cancer drugs (86) . The in vivo efficacy of such small-molecule inhibitors needs to be explored.
RESTORING SUPPRESSOR MIRNAS
Since expressing protein-coding tumor suppressors can often inhibit tumor growth, it has been proposed that restoring tumor suppressive miRNAs may also have antitumor effect. Studies on several tumor suppressor miRNAs supported this hypothesis. In an in vitro culturing system, overexpressing Let-7 in lung cancer cell lines inhibited cell growth (64) (65) (66) (67) . Furthermore, stably expressing Let-7 from engineered lentiviral vector in BT-IC inhibited tumor formation in xenograft mouse model, suggesting that restoring Let-7 expression by viral vectors may serve as a potential cancer gene therapy (23) . Since Lin28 has been found to block Let-7 processing and eventually cause pre-let-7 degradation (69, 70) , therefore, it will be worth of investigating whether inhibiting Lin28 will restore let-7 expression and inhibit tumorigenesis. A second example of miRNA replacement therapy is mir-15 and mir-16, which target BCL2 (33) and are often deleted in CLL patients (32) . It has been reported that transfecting mir-15/16 expressing construct resulted in reduction of BCL2 protein levels and increased apoptosis in cancer cell lines (33, 87) . This study highlighted the possibility of treat tumors with BCL2 overexpression by restoring miR-15a and mir-16-1 expression. Most recently, miR-26a has been demonstrated as another example of tumor suppressive miRNA in hepatocellular carcinoma (HCC) and systemic administration of this miRNA using adeno-associated virus (AAV) in an animal model of HCC results in inhibition of cancer cell proliferation, induction of tumorspecific apoptosis, and significant protection from disease progression without toxicity (88) . Since AAV vectors do not integrate into the host genome and eventually will be eliminated, this delivery approach minimizes the risk of vector-related toxicities. These findings also suggest that selection of miRNAs that are highly expressed and therefore, tolerated in normal tissues but lost in cancer cells can be a general strategy for restoring tumor suppressor miRNAs as therapy. Restoring miR-26a levels in hepatic cancer cells using AAV vectors is potentially a novel avenue to the clinic given the high prevalence of liver cancer worldwide. One should note, while the liver is well suited for AAV-mediated targeted therapy, the in vivo efficacy of such AAV vectorbased therapy against solid tumors originated from other tissues needs thorough evaluation.
Besides viral vector-based gene restoration, miRNA mimics has also been used to in the gain-of-function experiments. These miRNA mimics are small, chemically modified, double-stranded RNA molecules that mimic endogenous mature miRNA molecules. miRNA mimics for many genes, such as pre-miR™ miRNA precursors (Ambion) and miRI-DIAN™ microRNA mimics (Thermo Scientific Dharmacon), are now commercially available. To achieve strong therapeutic effect with these oligonucleotides in vivo, lipid-and polymer-based nanoparticles for systemic delivery in vivo have been developed, and promising results are reported (89) (90) (91) . Since miRNA mimics do not have any vector-based toxicity, if their delivery agents do not cause side effect over long-term use, it can be a very promising therapeutic approach to treat tumors.
ENHANCING MIRNA BIOGENESIS PROCESSING
Decreased miRNA biogenesis has been associated with tumor progression. For example, reduced Dicer1 expression in a subset of nonsmall cell lung cancers is found to correlate with poor prognosis (47) ; and high Dicer and Drosha expression were associated with increased median survival in ovarian cancer patients (46) . However, increased Dicer expression was observed in early stage of lung adenocarcinoma relative to normal alveolar epithelium (92) ; and in a study conducted by Flavin et al., high Dicer expression is significantly correlated with the absence of lymph node metastases as well as greater prevalence of Ki-67 proliferation index, but not survival (93) . These observations suggest that the effects of miRNA biogenesis may vary among different types of cancer, and other genomic and epigenetic events may also be important in determining the level of miRNAs. Supporting an overall antitumorigenic role of miRNAs, miRNA processing-impaired cells have enhanced tumorigenic activity and form tumors with accelerated invasiveness than control tumors. Though, downregulation of miRNA biogenesis is not sufficient to promote de novo transformation of wild-type mouse embryo fibroblasts (MEFs), conditional Fig. 1 . Schematic diagram of miRNA biogenesis and the therapeutic strategies. 1 Anti-miRNA oligonucleotides (AMO) base pair with miRNA, therefore inhibit miRNA binding to target mRNAs; 2 mRNA sponges contain multiple binding sites for a specific miRNA which in turn prevent the binding of this miRNA with its endogenous targets; 3 miRNA mask DNA is complementary to miRNA binding site, resulting in gene-specific interference of miRNA:mRNA interaction; 4 small molecule inhibitor for mir-21 has been reported to inhibit the level of mature miRNA as well as pri-miRNA; 5, 6 gene therapy using virus delivery system and nanoparticle can force the expression of specific tumor suppressive miRNA to achieve therapeutic effect; 7 targeting miRNA biogenesis has been proposed, however, the feasibility of this approach need future evaluation knockout of Dicer1 enhanced tumor development in a KRas-induced mouse model of lung cancer (94) . In aggregate, much more studies are needed to evaluate modulating miRNA biogenesis as therapeutic approaches in treating cancer.
COMPARISON OF MIRNA-AND SIRNA-BASED THERAPIES
The potential clinical benefits of modulating miRNAs can be deduced from parallel studies of siRNA in cancer therapies. The two types of small RNAs differ in their origins as well as gene-targeting strategies. While siRNAs are often originated from synthetic/exogenous long dsRNAs and require perfect complementarity to a particular target mRNA to cleave that target, miRNAs are derived from genomeencoded hairpin-shaped precursors and only need partial sequence match to repress target gene expression. However, they do share the same gene-silencing machinery to silence target gene expression. (5) . Therefore, therapeutic approaches based on miRNA and siRNA have intrinsic similarities and differences. The potential clinical benefits and limitations of miRNA therapy can be gleaned by comparing to siRNA therapies. Recently, it is shown that sustained, high-level short-hairpin expression produced lethal, dose-dependent liver injury. The displacement of endogenous miRNA precursor processing leads to the downregulation of liver-derived miRNAs and consequently morbidity (95) . The risk of oversaturating endogenous small RNA pathways may be minimized by better understanding the feedback mechanisms in the miRNA cellular processing and effector mechanism which may provide an extra safety measure inapplicable to exogenous, artificial siRNAs.
The global upregulation of interferon-related genes and inflammatory cytokines is a major component of the "offtarget activity" following introducing siRNA in vivo. Generally, the interferon response was primarily attributable to the activation of innate immunity by the delivery vehicle (96) . The presence or absence of intrinsic immunostimulatory motifs in the siRNAs may also play a role in inducing interferon response (97) . Recent studies suggest that exogenous administration of miRNAs may not cause interferon responses as siRNAs. For example, expression of the relevant miRNA by an inducible episomal vector effectively knocked down p53 expression without elicited an interferon response in vitro (98) . However, potential toxicity from off-target effects and immune activation appear to be relevant to the small RNA concentration (99) . Therefore, when design miRNA approaches, we need to use the most potent miRNA candidate at lowest concentration possible to interfere with tumor growth.
In comparison to siRNA approaches, the nature that one miRNA regulates multiple genes adds a unique layer of complexity to miRNA therapy. For example, while miR-155 alone is sufficient to induce tumorigenesis, systematic knockdown of miR-155 as antitumor therapy may collaterally affect immune proficiency because miR-155 modulates innate immune responses as well as lymphocytes and dendritic cell functions. Therefore, using tumor-specific delivery agents, such as tumor-specific nanoparticles or viral vectors, may obviate the concern of specific delivery.
FUTURE CHALLENGES
With all the efforts and advances made in developing miRNA-mediated therapy, two major hurdles still remain. First is to maintain target specificity. miRNA targeting is known to be sequence-specific instead of gene-specific. It is especially challenging since off-target gene silencing only requires partial complementary binding between miRNA and protein-coding transcripts. Therefore, it is important to evaluate the effect of a specific miRNA-mediated therapy on a proteome-wide scale to prevent unwanted gene alteration. The second hurdle is to achieve high therapeutic efficiency. Two factors that can limit miRNA therapeutic efficiency is the amplitude of target gene modulation and the number of cells that can be targeted. To address the first limitation, one should optimize target gene selection as well as therapeutic molecule design. A partial effect by miRNA knockdown-mediated therapy has been found to be therapeutic in neurodegenerative diseases, such as Alzheimer's disease; however, further evaluation is needed in cancer therapies. The second limitation comes from delivery efficiency. Lipid-and polymer-based nanoparticles for systemic delivery of siRNAs have been developed and tested. While lipid-based delivery of miRNA is efficient, it tends to induce an inflammatory response. On the other hand, biodegradable polymers induce less inflammatory responses but deliver less efficiently and have shorter effects. Another approach of targeted delivery takes advantage of viral vectors such as adeno-associated virus and lentivirus-based vectors. Different approaches may be suitable to different types of tumors; further investigations are needed to specifically evaluate these approaches in various tumors.
CONCLUSIONS
Studies from recent years have placed miRNAs as a critical class of regulator to protein-coding gene expression. As more and more evidence point out the importance of miRNA function during tumor development and progression, it is exciting to apply our knowledge and technology on miRNA into developing therapeutic reagents for treating cancer. Current antitumor treatments include surgery, radio/ chemotherapy, hormonal treatment, and oncogene-targeted therapy. Many clinical studies have demonstrated that combined therapy based on patients' molecular profiles can deliver better response. With better understanding on miR-NA's function in tumor progression and more sophisticated design of miRNA-modulating molecules, miRNA-mediated therapy will give a new impetus to cure cancer.
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